The prion protein (PrP) level in muscle has been reported to be elevated in patients with inclusion-body myositis, polymyositis, dermatomyositis, and neurogenic muscle atrophy, but it is not clear whether the elevated PrP accumulation in the muscles is sufficient to cause muscle diseases. We have generated transgenic mice with muscle-specific expression of PrP under extremely tight regulation by doxycycline, and we have demonstrated that doxycyclineinduced overexpression of PrP strictly limited to muscles leads to a myopathy characterized by increased variation of myofiber size, centrally located nuclei, and endomysial fibrosis, in the absence of intracytoplasmic inclusions, rimmed vacuoles, or any evidence of a neurogenic disorder. The PrP-induced myopathy correlates with accumulation of an N-terminal truncated PrP fragment in the muscle, and the muscular PrP displayed consistent mild resistance to protease digestion. Our findings indicate that overexpression of wild-type PrP in skeletal muscles is sufficient to cause a primary myopathy with no signs of peripheral neuropathy, possibly due to accumulation of a cytotoxic truncated form of PrP and/or PrP aggregation.
The prion protein (PrP) level in muscle has been reported to be elevated in patients with inclusion-body myositis, polymyositis, dermatomyositis, and neurogenic muscle atrophy, but it is not clear whether the elevated PrP accumulation in the muscles is sufficient to cause muscle diseases. We have generated transgenic mice with muscle-specific expression of PrP under extremely tight regulation by doxycycline, and we have demonstrated that doxycyclineinduced overexpression of PrP strictly limited to muscles leads to a myopathy characterized by increased variation of myofiber size, centrally located nuclei, and endomysial fibrosis, in the absence of intracytoplasmic inclusions, rimmed vacuoles, or any evidence of a neurogenic disorder. The PrP-induced myopathy correlates with accumulation of an N-terminal truncated PrP fragment in the muscle, and the muscular PrP displayed consistent mild resistance to protease digestion. Our findings indicate that overexpression of wild-type PrP in skeletal muscles is sufficient to cause a primary myopathy with no signs of peripheral neuropathy, possibly due to accumulation of a cytotoxic truncated form of PrP and/or PrP aggregation.
doxycycline ͉ inducible transgenic mice ͉ muscle disease D iseases affecting the skeletal muscles are fairly common. Many muscle disorders are secondary to pathological conditions affecting the nervous system. Others are related to genetic mutations, immune dysfunction, or exogenous toxins and drugs (1) . However, in many primary myopathies, the etiology and pathogenic mechanisms remain unclear (1) .
The normal or cellular prion protein (PrP C ) is a ubiquitous small glycoprotein attached to the cell membrane by a glycosylphosphatidylinositol (GPI) anchor. Although PrP is well established as the central protein in prion diseases or transmissible spongiform encephalopathies (2) , its cellular function remains elusive.
PrP C has been reported to be up-regulated in the skeletal muscles of patients with sporadic and hereditary inclusion body myositis (3) (4) , as well as in patients with polymyositis, dermatomyositis, and neurogenic muscle atrophy (5) . Furthermore, transgenic (Tg) mice overexpressing PrP C also developed necrotizing myopathy associated with demyelination of peripheral nerves and vacuolization of the CNS at advanced ages (6). It is not clear whether the elevated level of PrP C in skeletal muscle is a cause or result of myopathy in the affected patients. Although PrP C overexpression is the cause of the muscle disorders in the above-mentioned experiments (6), body-wide PrP C overexpression and the presence of pathology in central and peripheral nervous tissues raise questions about the role of muscular PrP C in the pathogenic process in the muscles.
The present study reports that strictly muscle-specific overexpression of wild-type human PrP C under tight regulation by doxycycline in Tg mice leads to a primary myopathy. These data argue that overexpression of wild-type PrP in the skeletal muscle is in itself sufficient to cause a myopathy. In addition, our data show that the myopathy correlates with preferential accumulation in the skeletal muscles of an N-terminal truncated PrP C fragment, which corresponds to the previously reported C1 fragment (7) (8) (9) (10) (11) , suggesting that the C1 fragment is involved in the pathogenesis.
Results
Transgenic Mice Exhibiting Doxycycline-Inducible and Skeletal MuscleSpecific Expression of PrP C . Doxycycline-inducible Tg mice were generated by using the HQK transgene construct with the ORF of two genes: the reverse tetracycline responsive transcription activator (rtTA) under the control of the mouse PrP promoter from the half-genomic vector (12) and human PrP C regulated by the tetracycline-responsive promoter (tetO-hCMV*-1) from the core plasmid (13) (Fig. 1A) . The two genes were in tandem and separated by a spacer sequence. The HQK transgene was introduced into the wild-type FVB mice, and Tg(HQK)/Prnp 0/0 mice were obtained through breeding with the Zurich I PrP-null mice (14) in FVB background. Four founders were obtained; line Tg(HQK)18 [referred to as Tg(HQK) for simplicity] was selected for further study.
Skeletal muscles from hind legs (quadriceps), abdominal wall, tongue, brain, spleen, heart, stomach, intestine, thymus, lung, liver, and kidney were collected from Tg(HQK) mice that had been fed food pellets either lacking or containing doxycycline (Dox) for 10 days to induce PrP C expression. No PrP was detectable on Western blots from skeletal muscle and the various organs when Dox was not administered (Fig. 1B Upper) . After Dox treatment, large amounts of PrP accumulated in the skeletal muscles from hind legs, abdominal wall, and tongue, but not in any other organ (Fig. 1B Lower) except for the heart, where a small amount of PrP was detected after prolonged exposure (data not shown). The muscle-specific, Dox-inducible PrP expression in Tg(HQK) mice was confirmed by RT-PCR analysis, demonstrating the presence of PrP mRNA only in skeletal muscles (Fig. 1C) . The reason for the strictly skeletal muscle-specific PrP expression in the Tg(HQK) mice after induction with Dox is unclear. It appears to be the intrinsic property of the HQK transgene construct because the muscle specificity is observed in all Tg(HQK) lines (data not shown).
PrP expression in the muscles of Tg(HQK) mice was dependent on the dosage of Dox (Fig. 2) . After 7 days of treatment with 20, 50, 200, 1,000, or 6,000 mg of Dox per kg of food, muscle PrP C was first detected at a dose of 50 mg of Dox per kg of food, and the PrP C levels increased with higher Dox dosages. Near peak level of induction was achieved with 1 g of Dox per kg of food, but the dosage of 6 g of Dox per kg of food was used to maximize the consistency of induced PrP expression.
Time Courses of PrP Induction and Clearance. After induction with 6 g of Dox per kg of food, PrP C was first detected in the skeletal muscles at 2 days postinduction (data not shown). The amount of PrP increased with time and reached a near maximum stable level at 14 days postinduction (Fig. 3A) . At the highest level of expression, the PrP C level in the muscles of Tg(HQK) mice was Ϸ40-fold that of wild-type FVB mice (Fig. 3A Lower) , exemplifying the high inducibility of PrP expression by oral administration of Dox in the Tg(HQK) mice.
The rate of PrP C clearance was assessed by feeding 6 g of Dox per kg of food to Tg(HQK) mice for 7 days followed by administration of regular food lacking Dox, and the PrP C levels in skeletal muscles (quadriceps) collected at 0, 2, 7, and 14 days after Dox withdrawal were examined by Western blot analysis with mAb 8H4 (binding to mouse PrP175-185 and human PrP176-186). PrP expression was found to decrease progressively with time, becoming undetectable at 14 days (Fig. 3B) . Similar results were obtained with muscles from the abdominal body wall (data not shown).
Characterization of PrP in Tg(HQK) Mice. The PrP in muscles from Tg(HQK) mice treated with 6 g of Dox per kg of food for 7 days or more distributed mostly into a very prominent band of 32 kDa and a much weaker band of 30 kDa on Western blots probed with biotinylated 3F4 (binding to human PrP109-112) (Fig. 3C ). Treatment with PNGase that cleaves off the glycans revealed a strong 27-kDa band and weaker 24-and 20-kDa bands, indicating that the 32-and 30-kDa bands were glycosylated (Fig. 3C) . After reprobing the blot with the mAb 8H4, besides a moderate 32-kDa band and a much weaker 30-kDa band, an additional very strong 27-kDa band and a very weak 24-kDa band were observed (Fig. 3C) ; the same band patterns were confirmed when probed directly with 8H4 (Fig. 3A) . After deglycosylation, these bands migrated to 27, 24, and 18 kDa (Fig. 3C ), confirming that most of the PrP expressed in the muscles of Tg(HQK) mice were glycosylated. Similar 32-, 30-, and 27-kDa PrP bands were detected with 8H4 in the skeletal muscles from wild-type FVB mice, but the 32-and 27-kDa bands were of comparable intensity (Fig. 3A) . In the brains of wild-type FVB mice and the Tg40 transgenic mouse line expressing human PrP at wild-type level (15) , the 32-, 30-, and 27-kDa PrP bands were also detected with 8H4, but a vast majority was the 32-kDa form (Fig. 3A) .
The prominent 27-kDa PrP fragment in the muscles of Tg(HQK) mice, which shifted to 18 kDa after glycan removal (Fig. 3C) , appears similar to the previously reported C1 fragment (7) (8) (9) (10) (11) . The C1 fragment is an N-terminus-truncated, glycosylated 27-kDa PrP C fragment with N terminus at residues 111/112 generated during normal PrP metabolism, which also shifts to 18 kDa after glycan removal (9) . To evaluate whether the 27-kDa PrP fragment in the muscles of Dox-induced Tg(HQK) mice is actually the same as the C1 fragment, full-length PrP was removed by immunoprecipitation with the mAb 8B4 (against human PrP37-44) (Fig. 3D) . The supernatant contained mostly the 27-kDa PrP fragment and a much smaller amount of 24-kDa PrP fragment; both bands shifted to 18 kDa after PNGase treatment (Fig. 3D) , indicating that they both were glycosylated.
Muscle homogenates from Tg(HQK) mice were then compared by Western blot with tissue homogenate from autolysed Tg40 mouse brains. Autolysis of human brain tissue has been shown to convert most full-length PrP to the C1 form (16) . Fig. 3E shows that the deglycosylated 18-kDa PrP fragment from the muscle of Tg(HQK) mice migrated at the same position as the C1 fragment from the autolysed brain of the Tg40 mice. In addition, the 27-kDa fragment and the deglycosylated 18-kDa fragment were not detected by mAb 3F4 (Fig. 3C) , which recognizes human PrP residues 109-112, indicating that these PrP fragments have an N terminus downstream of residue 109. Together these data confirm that the 27-kDa PrP fragment in the muscles of Tg(HQK) mice is indeed the C1 fragment. To evaluate the protease resistance of PrP in the Tg(HQK) mice, skeletal muscle tissue homogenates from Tg(HQK) or wild-type mice treated with 6 g of Dox per kg of food for 7 days were subjected to digestion with an increasing amount of proteinase K (PK). Fig. 3F shows that PrP in the Tg(HQK) mice is partially resistant to 5 g/ml of PK, whereas PrP in the wild-type mice is totally digested at 2 g/ml of PK. Similar results were obtained for Tg(HQK) and wild-type mice treated with Dox for 2, 4, 14, 30, and 60 days (data not shown). These data indicate that, in the Tg(HQK) mice, muscular PrP is moderately more resistant to PK digestion than that of wild-type mice, and the PK resistance remained constant throughout the course of Dox induction.
Progressive Primary Myopathy in Tg(HQK) Mice with Dox-Induced PrP
Expression. The skeletal muscles from Tg(HQK) mice after increasing duration of Dox treatment were subjected to histological examinations. For Tg(HQK) mice, a few scattered cells with central nuclei in skeletal muscles were visible after as early as 7 days of Dox treatment. After 4-5 weeks of Dox induction, Յ15% of the fibers in muscle fascicles exhibited one or more centrally located nuclei; some showed rare necrotic fibers and regenerating fibers. These changes were accompanied by a mild decrease in fiber diameters affecting both slow-and fast-twitch fibers when compared with those in similarly treated wild-type FVB mice. There was no evidence of mitochondrial proliferation, fiber splitting, or denervation atrophy (e.g., target fibers or fiber type grouping). Acid phosphatase staining revealed a prominent increase of lysosomes within muscle fibers. Minimal endomysial fibrosis was identified (data not shown). These morphological abnormalities became increasingly more pronounced in later stages of the disease (7-29 weeks after induction), with prominent atrophy, degeneration, and regeneration of myofibers accompanied by central nuclei in over one-third of the muscle fibers. In addition, hypertrophic fibers, sparse split fibers (partially or completely split into two by a thin septum extending from the endomysium), and excessive lysosomal activity (acid phosphatase) were seen in virtually all muscle fibers at this stage (Fig. 4D) . Mild mitochondrial proliferation occurred in some of the muscle fibers and in some instances even approximated ''ragged-red'' fiber formation. Neither inclusions nor amyloid-like materials were detected by H&E (Fig. 4B) or Congo red stains (data not shown). To examine the effect of prolonged Dox treatment, wild-type FVB mice and PrP-null mice (FVB/Prnp 0/0 ) were also subjected to the same Dox treatment and examination, but little pathological change was observed in these mice after treatment with Dox for 200 days (Fig.  4) or Ͼ1 year (data not shown). In addition, immunohistochemical staining with 3F4 shows that PrP was distributed throughout the muscle cells, whereas a small number of muscle fibers contained many intensely stained dots (Fig. 4F) , consistent with the presence of PrP aggregates.
Correlation of the Myopathy in Tg(HQK) Mice with Accumulation in
Muscles of an N-Terminal-Truncated PrP Fragment. The amount of the C1 fragment appears to be much more than that of the full-length PrP in the muscle of Tg(HQK) mice (Fig. 3) , which is unusual because the level of the C1 fragment was reported to be 30-50% of the full-length PrP in the autopsied brains of normal humans (9) . The time course of Dox-induced expression of the full-length PrP and the C1 fragment in the muscle of Tg(HQK) mice was examined more closely after deglycosylation by Western blot with 8H4 and compared with that of similarly treated wild-type FVB mice (Fig. 5) . The data show that, in Tg(HQK) mice, both full-length PrP and the C1 fragment increased with time and reached near peak levels at 14 days (Fig.  5A) . The C1 fragment was in submolar amount relative to the full-length PrP up to 4 days, but the C1 fragment was detected at approximately three times the level of the full-length PrP from 7 days and beyond ( Fig. 5 A and C) . In contrast, the levels of the C1 fragment and the full-length PrP and their ratios remained relatively constant throughout the time course in the Doxtreated wild-type FVB mice, with the C1/full-length ratio fluctuating between 0.98 and 1.25 ( Fig. 5 B and C) . The difference in the ratios of C1/full-length PrP between the Tg(HQK) and wild-type FVB mice is highly significant (P Ͻ 0.001, Student's unpaired t test). This experiment was repeated three times with similar results. These findings indicate that the myopathy is correlated with the high ratio of C1/full-length PrP in the skeletal muscles of Tg(HQK) mice.
Discussion
We have generated four lines of Tg(HQK) mice where expression of PrP is highly regulated by Dox and stringently limited to the skeletal muscles. After sustained PrP overexpression, these Tg(HQK) mice develop a rapidly progressive primary myopathy. Furthermore, an N-terminus-truncated PrP fragment, which matches the previously described C1 fragment (7) (8) (9) (10) (11) , is present at three times the level of full-length PrP in the muscle of Dox-induced Tg(HQK) mice.
Transgenic mice overexpressing wild-type PrP in a body-wide fashion have been reported to exhibit myopathy in the advanced age (6), but these mice also overexpress PrP in the nervous system and developed peripheral neuropathy, making it unclear whether the myopathy is primarily due to the accumulation of PrP in the skeletal muscles or it represents neurogenic atrophy secondary to the impairment of the CNS. Furthermore, transgenic mice (named PG14) with whole-body expression of a mutant PrP with nine extra octapeptide repeats were reported to develop a progressive primary myopathy (17) . The PG14 mice also developed spontaneous neurological illness, and the mutant PrP in the brain and peripheral tissues (including skeletal muscles) showed mild resistance to protease digestion and other biochemical features reminiscent of the pathogenic form of PrP (PrP Sc ) found in prion-affected mammals (17) (18) . In addition, hamsters subjected to daily i.p. injections of chloroquine for 60 days also developed a myopathy that was accompanied by accumulation of PrP in the muscle fibers (19) .
Our data demonstrate that overexpression of wild-type PrP in the skeletal muscles alone is sufficient to cause myopathy. These findings strongly suggest that the elevated levels of PrP found in the skeletal muscles of human primary myopathies, such as inclusion body myositis (3) (4) (5) and inflammatory myopathies including polymyositis and dermatomyositis (5), may play an important role in the pathogenesis.
The pathogenic mechanism of the PrP-mediated myopathy remains to be determined. The preferential accumulation of the N-terminal-truncated C1 fragment pointed to the C1 fragment. Tg mice expressing N-terminus-truncated forms of PrP following deletion of residues 23-121 or 23-134 develop loss of neurons in the cerebellum (20) . Similarly, Doppel (Dpl), a protein with limited sequence homology to the C-terminal part of PrP, is also toxic when expressed in neurons in the absence of wild-type PrP (21) , suggesting that Dpl and some C-terminal fragments of PrP are neurotoxic and the toxicity can be neutralized by the presence of sufficient full-length PrP. The toxicity of the experimentally generated N-terminus-truncated PrP has been tentatively explained by the significant inhibition of PrP internalization (22) (23) , delayed translocation to the cell surface, and prolonged half-life of the truncated PrP C (23) .
In contrast to these experimentally generated N-terminustruncated fragments, the N-terminal-truncated PrP fragment observed in large amounts in the skeletal muscles of Tg(HQK) mice corresponds to the C1 fragment reported to result from normal PrP C processing (7) (8) (9) (10) (11) . The C1 fragment was also observed at much lower levels in the skeletal muscles of wildtype mice, where the C1/full-length PrP molar ratio was close to 1 (Fig. 5) . After synthesis in the endoplasmic reticulum, most of the PrP C is transported to the cell surface and attached by a GPI anchor to the caveolae, specialized plasma membrane microdomains that mediate key processes such as signal transduction and transcytosis (24) . Surface PrP C undergoes constant internalization (25) , and it is cleaved by the disintegrin family of metalloproteases (26) , likely in an endocytic compartment (25) , to generate the C1 fragment. The cellular function of the C1 fragment is not known.
In the Dox-induced Tg(HQK) mice, the high levels of the C1 fragment in skeletal muscles imply that production of this fragment was increased and/or its turnover was slowed down in the Tg(HQK) mice. The prominent increase of lysosomal activity in the muscle fibers starting from the early stages of Dox treatment (Fig. 4D) would provide a mechanism for enhanced production of the C1 fragment.
In Tg(HQK) mice treated with 6 g of Dox per kg of food, the ratio of C1/full-length PrP reached 3.0 after 7 days and it remained relatively constant afterward; initial signs of myopathy also became visible after 7 days, and the disorder progressed rapidly. The correlation of the unusually high C1/full-length PrP ratio with myopathy in the Tg(HQK) mice suggests that the observed muscle cell toxicity is likely mediated by the C1 fragment through a mechanism similar to the neurotoxicity mediated by the experimental N-terminus-truncated PrP forms (20) . The C1 fragment observed in normal cultured cells and brain tissues may be tolerated because of its low concentration and coexistence of roughly equal or higher molar amounts of full-length PrP C .
Muscular PrP in the Tg(HQK) mice is moderately more resistant to proteinase K than that of wild-type mice (Fig. 3F) , suggesting low levels of PrP aggregation in the Tg(HQK) mice. However, the significance of this finding is unclear because the PrP PK resistance was constant throughout the course of Dox treatment, whereas signs of myopathy were not detectable until after 7 days of Dox treatment and increased thereafter. Immunohistochemical staining revealed PrP-positive dots and small deposits in at least some muscle cells (Fig. 4F) , arguing for the presence of PrP aggregates. Because Congo red staining is negative, the PrP aggregates in the Tg(HQK) mice are different from the Congo red-positive amyloid inclusions containing PrP, amyloid-␤, and its precursor protein found in inclusion body myositis (3). Nevertheless, PrP aggregation might still play a role in the pathogenic process in the Tg(HQK) mice.
The muscle-specific PrP expression in the Tg(HQK) mice appears to be an intrinsic property of the HQK construct because all independent Tg(HQK) lines showed the same muscle specificity (data not shown). Therefore, the HQK construct has the potential to restrict the Dox-dependent expression of any gene to skeletal muscles when the ORF of this gene is used to replace the PrP ORF in HQK. Consequently, the HQK construct may be very valuable for generation of other regulated Tg mouse models of muscle diseases. It can also potentially be used for gene therapy through regulated expression of a specific protein lacking in muscle cells due to a gene defect.
Materials and Methods
The HQK Transgenic Mice. The HQK transgene was created by replacing the mouse PrP ORF in the half genomic PrP (HGPRP) clone (12) with that of rtTA and placed upstream of tetOhCMV*-human PrP ORF of the core plasmid (13) after a spacer sequence. The HQK transgene construct was microinjected into fertilized FVB/NJ eggs at Albert Einstein College of Medicine.
